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Woodchuck hepatitis virus (WHYV) efficiently induces hepatocellular carcinoma in chronically infected hosts.
A key step in hepatocarcinogenesis by WHY is insertional activation of the cellular N-myc gene by integrated
viral DNA. WHYV enhancer II (En II) is the major cis-acting element involved in this activation. Here we
characterize this viral enhancer element and define the cellular factors involved in its activity. WHV En II
activity is strongly liver specific and maps to an 88-nucleotide DNA segment (nucleotides 1772 to 1859) located
5' to the pregenomic RNA start site. Genetic analyses and electrophoretic mobility shift assays indicate that
the enhancer contains three subregions important to its activity. The core elements of the enhancer are
recognition sites for the liver-enriched factors HNF1 and HNF4; together, these signals account for the bulk
of En II activity as well as its strong liver specificity. Multimerization of either recognition site produced strong
activity even in the absence of other En II sequences. 5’ to these elements is a binding site for the ubiquitous

Oct-1 transcription factor, which further augments enhancer activity ca. twofold.

Hepatitis B viruses (hepadnaviruses) are hepatotropic DNA
viruses that cause acute and chronic hepatitis and are strongly
associated with the development of liver cancer (14). A central
event in the viral life cycle is the transcription of the viral DNA
by host RNA polymerase II. This step not only produces the
mRNAs that engender the viral proteins but also produces the
RNA template for reverse transcription. Production of the
latter is strongly liver specific and is an important determinant
of the hepatotropism that is the hallmark of this viral family
(14, 22, 45).

The regulation of hepadnavirus transcription has been most
extensively studied in human hepatitis B virus (HBV). This
work has revealed the existence of four viral promoters (68),
which separately drive the production of transcripts encoding
the pre-S1, pre-S2/S, pre-C/C, and X proteins (the C mRNAs
also encode the P [polymerase] protein and serve as the tem-
plate for reverse transcription). In addition, two major en-
hancer elements in HBV have been defined by their ability to
up-regulate homologous or heterologous promoters in tran-
sient-cotransfection assays (53, 68). The first of these, en-
hancer I (En I), maps upstream of the X mRNA start sites (47)
and is preferentially active in liver cells (2, 19, 47), although it
retains substantial activity in nonhepatic cells in some contexts
(9, 57, 62). Deletions of En I lower the levels of genomic and
(to a limited extent) subgenomic (S) RNAs (18), suggesting
that it is a contributor to the function of several viral promot-
ers; however, the fact that En I sequences are within the
transcribed regions of these RNAs complicates the interpreta-
tion of these studies. Major roles for cellular transcription
factors RF-X, NF1, HNF3, HNF4, and C/EBP at En I have
been defined both genetically and biochemically (15, 35-37, 48,
58). More recently (5, 67, 68, 70-72), a second enhancer (En
IT) has been identified in HBV, located 5’ to the genomic RNA
start sites and at least partially coextensive with upstream ac-
tivating elements of the core promoter (69). This enhancer is
strongly liver specific (72) and is known to influence genomic
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RNA transcription; whether it plays a wider role in regulation
of other viral promoters in vivo is unknown. Several factors
present predominantly in the liver, including HNF3, HNF4,
and C/EBP, are implicated in its function (20, 30, 71). Only a
single enhancer element has been described in the avian hep-
adnaviruses to date (7, 29).

Woodchuck hepatitis virus (WHYV) is a mammalian hepad-
navirus closely related to HBV. Like its human counterpart, it
produces acute and chronic hepatitis, but it is even more po-
tently oncogenic than HBV: virtually 100% of animals chron-
ically infected from birth with WHYV will develop hepatocellu-
lar carcinoma (40, 46). Buendia and colleagues (12, 64) have
shown that a key step in this oncogenic process is the inser-
tional activation of the cellular proto-oncogene N-myc2 by
integrated viral DNA sequences; such activation can occur
even over long distances (ca. 200 kb) in vivo (10). Although
N-myc insertional activation is not a common feature of car-
cinogenesis in other hepadnaviruses (17, 43), the mechanism
by which it occurs in WHYV infection remains of great interest.
We (60) and others (9a) have examined the role of viral DNA
sequences in N-myc activation. These studies indicate that
WHYV sequences corresponding to HBV En II are the major
activators of the N-myc2 promoter (11). In fact, they suggested
that the organization of enhancer elements in WHYV is rather
different from that in HBV. For example, sequences corre-
sponding to HBV En I are nearly inactive in transient-cotrans-
fection assays on several promoters and are not further up-
regulated by expression of WHV X protein (57a, 60); in HBV,
the basal En I activity is significant, and further up-regulation
by X is readily demonstrable (68). These and other findings
suggest that in addition to its role in N-myc2 activation, WHV
En II might play an even more central role in the viral repli-
cative program. Therefore, we have undertaken a detailed
genetic and biochemical analysis of WHYV En II, the results of
which are presented below.

MATERIALS AND METHODS

Plasmids, oligonucleotides, and oligonucleotide probes. The E1B TATA-CAT
plasmid is based on pSP72 (Promega). The chloramphenicol acetyltransferase
(CAT) gene was excised as a HindIII-BamHI fragment from pSV2cat and re-
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FIG. 1. Mapping of WHV En II. En II region DNA segments were cloned into the EIB TATA-CAT vector diagrammed at top. Schematic depictions of the extent
of the 5’ (top) and 3’ (bottom) En II deletion mutants are shown on the left; stippled boxes denote WHV DNA sequences, and nucleotide numbers corresponding to
the termini of the fragments are indicated. Boxes at the bottom depict the extents of the IIC, IIA, and IIB regions. The histogram displays the results of CAT assays
of each construct, normalized to the level of CAT produced by the E1B TATA-CAT vector (arbitrarily set at 1.0), as described in Materials and Methods. WT, wild

type.

cloned in the Clal-BgIII region of pSP72. A synthetic minimum TATA box
derived from adenovirus E1B was inserted into the Xbal-BamHI site of the
resulting recombinant to generate pE1B TATA-CAT.

All WHYV En II deletion mutants depicted in Fig. 1 were subcloned into either
the HindIII site or the HindIII-Xbal region of pE1B TATA-CAT. Wild-type
WHYV En II and most of its deletion mutants (Fig. 1) were prepared by PCR, in
which the 5’-end primer was 5'-CCAAGCTTTCCGGTCCGTGTTGCTTGG
TCTTC-3" (primer Enll 5’) and the 3'-end primer was 5'-TTTCTAGATGC
ATTTATGCCTACAGCCTCCTAATA-3’ (primer EnlI 3’) for the wild type.
Deletions 5'Al and 5'A2 were also prepared by PCR, in which the 5’-end primers
were 5'-CCAAGCTTGACTTGCGAACCATGGATTCCAC-3' (primer 5'D1)
and 5'-CCAAGCTTGCATGCAAATCGTCAACTTGGC-3' (primer 5'D2), re-
spectively, along with the primer EnII 3'. Other 5’ deletion mutants (5'A3 to
5'A7) were generated by the exonuclease III and mung bean nuclease methods
(34) based on a WHYV Sphl fragment from nucleotides nt. 1797 to 1914. Some of
the 3 deletion mutants in Fig. 1 were also prepared by PCR with the 5" primer
D2 as the 5'-end primer and 5'-TTTCTAGAGCCCTCCTCCCATTTAGTT
AATAATTG-3' (primer 3'D1) for 3’ deletion mutant 1 (3'Al), 5'-TTTCTA
GATTTAGTTAATAATTGATCTTTTA-3' (primer 3'D2) for 3’ deletion mu-
tant 2 (3’A2), and 5'-CCAAGCTTTATATAAGGAGTCCAAAGGTCCTTAC
TTGGA-3' (primer 3'D3) for 3’ deletion mutant 3 (3’A3) as the antisense
primers. 3’ deletion mutant 4 (3’A4) was prepared by hybridization between
primer 5'D2 and 5'-GGAAGCTTGCCAAGTTGACGATTTGCATGCA-3’
(primer 3'D4). Plasmids bearing concatemers of the IIC, IIA, or IIB regions
were prepared by annealing primers 5'D2 and 5'-GGAAGCTTGCCAAGTT
GACGATTTGCATGCA-3' for IIC, 5'-CCAAGCTTCCAAGTAAGGACCTT
TGGACTCCTTATATA-3' and 5'-CCAAGCTTTATATAAGGAGTCCAAA
GGTCCTTACTTGGA-3' for ITA, and 5'-TTTCTAGACAATTATTAACTAA
ATGGGAGGAGGGC-3' and 5'-TTTCTAGAGCCCTCCTCCCATTTAGTT
AATAATTG-3' for 1IB, followed by a fill-in reaction with Klenow fragment. The
products were then digested with HindIII (for the IIC and ITA constructs) or
Xbal (for the IIB construct). The cleavage products were then ligated into the
HindIII site (for the IIC and IIA fragments) or the Xbal site (for the IIB
fragment) of pE1B TATA-CAT. The structures of all deletion mutants and
concatameric clones were confirmed by DNA sequencing.

The canonical HNF1-binding site was created from synthetic oligonucleotides

by annealing 5'-CTAGAATTAAATATTAACT-3' with 5'-CTAGAGTTAATA
TTTAATT-3’, which represent the human fibrinogen beta HNF1-binding site
(31). The C/EBP consensus binding site was constructed by annealing 5-GATCC
AATTGGGCAATCAGG-3" and 5'-GATCCCTGATTGCCCAATTG-3' (27).

The DNA corresponding to the WT HBV HNF4/EF-C site was derived from
the HBV En I sequence and was generously provided by Patrick Hearing, who
referred to it as the GB/EF-C element in an earlier publication (15).

Oligonucleotides used in the regional competition analyses for IIA region (see
Fig. 4) were 5'-AGCTTCCAAGTAAGGACCTTTGGA-3' (sense) and 5'-
AGCTTCCAAAGGTCCTTACTTGGA-3" (antisense) (nt 1797 to 1814) for
IIAS’, 5'-GATCCAAGGACCTTTGGACTCG-3' (sense) and 5'-GATCCG
AGTCCAAAGGTCCTTG-3' (antisense) (nt 1803 to 1818) for IIAm, and 5'-
GATCCTTGGACTCCTTATATAG-3' (sense) and 5'-GATCCTATATAAGG
AGTCCAAG-3’ (antisense) (nt 1811 to 1826) for ITA3’.

The mutated OCT-1/OTF site in fragment IIC (ATGCAAAT to GTT
ACTTG) was introduced into the primer denoted 5'D2 and its antisense oligo-
nucleotide as described previously (39).

Oligonucleotide probes for gel shift analyses were prepared either by anneal-
ing of complementary synthetic oligonucleotides or by gel purification following

TABLE 1. Ability of cell lines to support En II function

CAT activity

Cell line
pE1B TATA-CAT pEn II TATA-CAT

Hepatic

HepG2 1 430

Huh7 0.69 34

aML 2.3 67
Nonhepatic

HeLa 1.6 1.4

NIH 3T3 23 2.6
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FIG. 2. Potential transcription factor-binding sites within En II. The WHV En II sequence was scanned for potential transcription factor-binding sites by the
Pearson and Fasta method. Stars mark the boundaries of the IIC, IIA, and IIB regions, whose extents are also depicted in bars displayed above the DNA sequence.
Immediately below the sequence are shown the positions of the Oct-1, HNF4, and HNF1 sites documented to be recognized by their cognate factors in this work. Below
them are shown the predicted positions of other potential factor-binding sites proposed by computer-assisted sequence inspection; many of these nominees, however,

shared only incomplete homology with their canonical binding sites.

excision from plasmid recombinants; termini were end labeled by fill-in reactions
with the Klenow fragment of DNA polymerase 1 (44).

Transfection and CAT assay. HepG2 human hepatoma cells (10°) were
seeded, 1 day before transfection, on 6-cm dishes (Corning) containing 3 ml of
Dulbecco’s modified Eagle’s medium supplemented with 10% bovine serum, 100
wg of streptomycin per ml, and 100 U of penicillin G per ml. The next day, the
medium was changed 3 to 4 h before transfection and 1 pg of each plasmid
construct was transfected into the cells by the calcium-phosphate coprecipitation

method. The cells were incubated for 16 h and then washed twice with serum-
free Dulbecco’s modified Eagle’s medium. The medium was replaced with 4 ml
of serum-containing Dulbecco’s modified Eagle’s medium and incubated at 37°C
in a 5% CO, atmosphere for another 48 h. Then, the cells were washed twice
with phosphate-buffered saline (PBS) without calcium and magnesium [PBS(—)]
and harvested in 1.5-ml Eppendorf tubes. The cells were pelleted at 5,000 X g at
4°C for 5 min and suspended in 0.25 M Tris-HCI (pH 7.8). Cytoplasmic protein
was extracted by three cycles of freezing and thawing (in an ethanol-dry-ice bath
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FIG. 3. Factors binding the entire En II region. A schematic depiction of the labeled probe (denoted C-A-B), which spans the full En II region, and its competitors
(the individual IIC, ITA and IIB fragments) is shown above the gels. (A) Gel retardation assay with labeled C-A-B fragment and HepG2 nuclear extract. Above each
lane, the unlabeled competitor fragment and its relative molar ratio to the probe are indicated. (B) Gel retardation assay with labeled C-A-B fragment and competition
by the indicated amounts of the IIC competitor fragment. To display the middle DNA-protein complex optimally, a 50-fold molar excess of unlabeled C-A-B fragment

was added to each sample.
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FIG. 4. EMSA analysis of factors binding the IIA region. A schematic presentation of the IIA region and its subregions ITA5’, ITAm, and IIA3’ is shown above the
gels. (A) IIA probe is inhibited by ITA but not by IIB or IIC DNA. Lanes: 1, no extract. 2 to 9, the IIA probe was incubated with HepG2 nuclear extract in the presence
of the indicated unlabeled competitor fragments; 10, HeLa nuclear extract. (B) EMSA with ITA subregion competitors. The ITA probe was incubated with HepG2
nuclear extract in the presence of the indicated unlabeled competitor fragments. (C) EMSA supershift analyses. Labeled IIA probe and HepG2 extract was incubated
without (lanes 1 and 4 to 6) or with (lanes 2 and 3) C/EBP competitor; in lanes 4 to 6, antibodies to C/EBP alpha, beta, or delta were added.

and a 37°C water bath). Insoluble material was removed by centrifugation at
12,000 X g and 4°C for 5 min, and the supernatant was transferred to another
tube. Deacetylase was eliminated by incubation at 65°C for 10 minutes; the
resulting white cloudy precipitate was centrifuged at 12,000 X g and 4°C, and the
supernatant was transferred to a fresh tube. The protein concentration was
measured by a Bradford assay (Bio-Rad), calibrated with immunoglobulin G
standards of known concentration. Protein (35 mg) from each extract was incu-
bated for 3 h at 37°C in 100 pl of reaction mixture containing 0.5mM n-butyryl
coenzyme A (Sigma) and 75 nCi of ['*C]chloramphenicol (New England Nucle-
ar). The acetylated form of ['*C]chloramphenicol was extracted in the organic
phase of hexane-xylene (2:1) and counted in a scintillation counter (model LS
7000; Beckman). All assays were performed in duplicate, and each duplicate
assay was replicated at least twice. The data are shown as fold activation com-
pared with the CAT activity driven by pE1B TATA-CAT. The basal activity of
pE1B TATA-CAT in HepG2 cells is extremely low: ca. 0.5 to 0.75% of that of
pSV2 CAT in the same cell line under the same conditions. This very low basal
activity contributes strongly to the large fold activation mediated by En II.
Nuclear extract preparation. Nuclear extract was prepared from HepG2
(~10°), HeLa, and Ratl cells. After being washed with PBS(—), the cells were
harvested by centrifugation at 250 X g and 4°C for 10 min. The pelleted cells
were resuspended in 5 volumes of buffer A (10 mM N-2-hydroxyethylpiperazine-
N'’-2-ethanesulfonic acid [HEPES; pH 7.9], 1.5 mM MgCl,, 10 mM KCI, 0.5 mM
phenylmethylsulfonyl fluoride) and kept on ice for 10 min. The cells were cen-
trifuged again at 250 X g and 4°C for 10 min and resuspended in 3 volumes of
buffer A. Nonidet P-40 was added to 0.05%, and the cells were homogenized with
20 strokes of a tight-fitting Dounce homogenizer to release the nuclei. The nuclei
were pelleted at 250 X g and 4°C for 10 min and resuspended in 1 ml of buffer
C (5 mM HEPES [pH 7.9], 26% [volvol] glycerol, 1.5 mM MgCl,, 0.2 mM
EDTA, 0.5 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride). NaCl was
added to 300 mM, and the pellet was mixed well by inversion. The mixture was
kept on ice for 30 min and centrifuged at 24,000 X g and 4°C for 20 min. The
supernatant, following determination of the protein concentration by the Brad-
ford assay, was aliquoted, snap-frozen in dry-ice—ethanol, and stored at —70°C.
EMSA. Nuclear extract (10 to 12 pg) was used for each electrophoretic mo-

bility shift assay (EMSA). Binding mixture (20 wl) was made up in 20 mM
HEPES (pH 7.9)-1 mM MgCl,-4% Ficoll (Ficoll-Paque; density, 1.077 g/ml
[Pharmacia])-0.5 mM dithiothreitol-50 mM NaCl-2 pg of poly(dI-dC) (Phar-
macia)-1 pg of bovine serum albumin (Sigma)-5 to 10 fmol of filled-in labeled
oligonucleotide probe. The reaction mixture was incubated at room temperature
for 30 min. For competition analyses, either specific or nonspecific competitor
was added to the reaction mixture without the probe and preincubated for 30
min. Then the probe was added, and the mixture was incubated for another 30
min. In antibody-mediated supershift or binding-inhibition experiments, the an-
tibody was incubated in the reaction mixture without probe for 30 min and then
the probe was added and incubated for another 30 min. Samples were run on 4%
polyacrylamide gels (in 0.25X conventional Tris-Borate-EDTA buffer) which
were prerun at 10 V/em for 2 h. Following electrophoresis, the gels were dried on
filter paper (Whatman 3MM) and subjected to autoradiography.

Polyclonal anti-HNF4 antibody was originally generated by Sladek et al. (49)
and was provided with their permission by P. Hearing (15). Polyclonal anti-C/
EBP alpha, beta, and delta antibodies were provided by Steve McKnight (1, 27),
and monoclonal anti-Oct-1 antibody and the purified Oct-1 protein expressed in
Escherichia coli were provided by Greg Peterson, Tularik, Inc., South San Fran-
cisco, Calif. Anti-HNF1 antibodies were the gifts of T. Chouard and M. Yaniv (3,
50). Polyclonal anti-HNF1-alpha antibody rHCt-284, although raised against rat
HNF]1, cross-reacts with human HNF1-alpha; antibody rH-183 recognizes only
the rat HNF1-alpha. Antibody rHNt-283 cross-reacts with both human and rat
HNF1-alpha and HNF1-beta.

RESULTS AND DISCUSSION

Genetic definition and characterization of WHV En II. To
define the functional boundaries of WHV En II, we first car-
ried out a deletion analysis. A large (217-bp) WHV DNA
segment spanning the region corresponding to human HBV
En II (WHV nt 1698 to 1914 in the numbering system of
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FIG. 5. HNF4 interacts with fragment IIA. The three cellular transcription factor-binding sites in WHV En II are diagrammed at the top. (A) EMSA supershift
anayses with anti-HNF4 antibody. Labeled ITA fragment was incubated with the indicated nuclear extract without (lanes 1 and 2) or with (lanes 3 to 6) the indicated
antibody. (B) Labeled IIA probe (lanes 1 to 4) or labeled HBV HNF4/EF-C probe (lanes 5 to 8) were incubated with the indicated cold competitor fragments in HepG2

extracts. Molar ratios of competitor to probe are displayed above each lane.

Kodama et al. [25]) was cloned into pE1B TATA-CAT, a
plasmid in which CAT expression is driven by a minimal pro-
moter (TATA box) from adenovirus E1B. The resulting plas-
mid was transfected into HepG2 human hepatoblastoma cells,
a cell line known to be permissive for WHYV replication (45) (a
fact which we independently verified for our subline of HepG2
(data not shown)). At 48 h later, the cells were assayed for
CAT activity; cells transfected by pE1B TATA-CAT were as-
sayed in parallel. As shown in Fig. 1, a 400-fold increase in
CAT activity was observed in the presence of this WHV frag-
ment. In other experiments, enhancement of a cellular N-myc
promoter was independent of the position and orientation of
similar WHYV sequences (reference 60 and data not shown).
Serial deletions from the 5’ end of the fragment were then
examined. No consistent loss of enhancer activity was encoun-
tered up to nt 1772, but further deletion to nt 1797 resulted in
a ca. twofold loss of activity. Deletion to nt 1808 resulted in a
major loss of enhancer function, and further deletion to nt
1837 completely inactivated En II activity. Deletions from the
3’ end showed no effect of removal of sequences from nt 1914
to 1859. However, deletion to nt 1836 decreased activity by ca.
75%; deletion of an additional 10 nt had little effect, but de-
letion to nt 1793 completely inactivated the enhancer. Taken
together, these results suggest that the enhancer can be divided
into three functional subregions, spanning nt 1772 to 1793,
1793 to 1836, and 1836 to 1859. We refer to these as regions
IIC, ITA, and IIB, respectively. Deletion of region IIC reduces

activity ca. twofold, indicating that regions IIA and IIB account
for the bulk of the enhancer activity. Deletion of region IIB
reduces activity fourfold, and all remaining activity is abolished
by additional lesions in region IIA. Region IIC appears to be
inactive in the absence of regions IIA and IIB (cf. Fig. 1). The
region of WHYV defined here as En II spans from —164 to —75
relative to the cap site of WHV pregenomic RNA. Although
the minimal pregenomic (core) promoter has not been rigor-
ously defined for WHYV, this enhancer region, as for HBV En
I, probably overlaps upstream elements of the core promoter
(69).

WHYV En II activity is strongly liver specific. Using construct
3’Al, which contains the smallest wild-type En II region (nt
1772 to 1859), we examined the ability of several hepatic and
nonhepatic cell lines to support En II function. As shown in
Table 1, En II was highly active in the human hepatocellular
lines HepG2 and Huh7 and in the mouse hepatocyte line aML;
all three of these lines support WHYV replication. By contrast,
only basal levels of CAT activity were directed by En II-based
constructs in WHV-nonpermissive human or rodent lines of
nonhepatic origin, including HeLLa and NIH 3T3.

The DNA sequence of the 88-nt WHV En II element was
then scanned by computer analysis for potential transcription
factor-binding sites, using the Pearson-Fasta method (38). As
expected, numerous candidate binding sites were suggested,
including potential sites for liver-enriched factors (e.g., C/EBP
[1,8,27,56,66], HNF-1 [3, 13, 26], and HNF-4 [33, 49]), as well
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its relative molar ratio to the probe are indicated. (B) Competition analyses with a canonical HNF1-binding site. Labeled IIB probe was incubated with HepG2 extract
and the indicated molar ratio of an unlabeled oligonucleotide corresponding to the human beta-fibrinogen HNF1-binding site (see Materials and Methods). (C)
Anti-HNF1 antibodies inhibit IIB EMSA. Labeled IIB probe was incubated with HepG2 nuclear extract in the presence of the indicated antibody. Antibody in lane
3, raised to a rat HNF-1, cross-reacts with human HNF1-alpha; that in lane 4 is specific for rat HNF1-alpha, while that in lane 5 recognizes rat and human HNF1-alpha

and -beta.

for as more ubiquitous factors (e.g., Oct-1 [23, 24, 52], NF-1
[21], AP1 [28], COUP-TF [59, 63], and LIT [4]) (Fig. 2). Many
of these candidate sites, however, had only partial homology to
known recognition elements or involved transcription factor
families whose recognition sites are fairly degenerate. None-
theless, the analysis was useful as a guide to the experimental
evaluation of candidate binding factors; in fact, all three of the
factors that we experimentally demonstrated as active in bind-
ing to En II were among the set predicted by computer-assisted
sequence inspection (Fig. 2).

Binding factors for the whole WHYV En II sequence. As a first
step to assessing the complexity of the cohort of factors binding
WHYV En II, we examined the full 88-bp element for binding
factors by EMSA. For this, we used nuclear extracts prepared
from the human hepatoblastoma line HepG2, which is known
to support correct WHV transcription and replication (45).
The intact En II fragment encompassing regions IIC, IIA, and
IIB was end labeled with **P and incubated with HepG2 nu-
clear extract; complexes were then fractionated by nondena-
turing acrylamide gel electrophoresis. Figure 3A shows the
results of this analysis. As shown in lane 2, three complexes are
formed under these conditions (the central complex is ob-
scured by the heterogeneous slowly migrating complex but is
more evident when the latter is partially inhibited, as in Fig. 3A
(lane 3) and Fig. 3B). All three bands are inhibited by excess

unlabeled En II fragment (lanes 3 and 4) but not by nonspecific
competitors (not shown). Further competition analysis with
probes from the IIC, IIA, and IIB subregions (lanes 5 to 10)
allowed tentative assignment of the complexes to different
regions of En II. For example, the most slowly migrating com-
plex was effectively inhibited by fragment IIB (lanes 7 and 8)
but not by the other fragments, whereas the most rapidly mi-
grating complex was inhibited only by fragment IIA (lanes 5
and 6). The middle band was specifically inhibited only by
fragment IIC (Fig. 3B, lanes 2 to 4). These assignments were
confirmed in all cases by direct binding experiments to indi-
vidually labeled subfragments (see below).

HNF-4 binds the ITA sequence. To search for a factor(s)
recognizing the IIA region, we used a IIA-specific probe in
similar EMSA experiments. A single complex was detected on
this probe in gel retardation assays with HepG2 nuclear ex-
tracts (Fig. 4A, lane 2). This complex was absent in similar
experiments with HeLa cell nuclear extract (lane 10) and Ratl
cell nuclear extract (data not shown), consistent with its arising
from the binding of a liver-specific factor. To determine which
subregion of fragment IIA was involved in binding, we pre-
pared smaller fragments termed IIAS’, IIAm, and IIA3’,
whose extents are schematically depicted in the diagram in Fig.
4. Each of these unlabeled subfragments was used to compete
with *?P-labeled fragment IIA for binding to the factor (Fig.
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FIG. 7. EMSA of IIC-binding factors. The three cellular transcription factor-binding sites in WHV En II are diagrammed at the top. (A) IIC-binding factor is not
inhibited by IIA or IIB DNA. Labeled IIC probe was incubated with the indicated extract in the presence of the indicated competitor; the molar excess of the competitor
with respect to the probe is shown above each lane. (B) Oct-1 interacts with the IIC region. Labeled IIC probe was incubated with HepG2 nuclear extract (lanes 1 and
2) or purified Oct-1 (lane 3). In lane 2, anti-Oct-1 antibody was also added. (C) IIC DNA bearing mutations in the Oct-1-binding site does not bind to the IIC-binding
factor. Lanes: 1 to 6, labeled IIC probe was incubated with the indicated ratio of either wild-type (lane 2) or mutant (lanes 3 to 6) IIC competitor DNA; 7 to 10, labeled

mutant IIC probe was incubated with the indicated extract and competitors.

4B); this showed that only the central subregion (fragment
ITAm) was active in competition. Among the factors identified
by sequence inspection in this region was the liver-enriched
family of factors known as C/EBP. However, a canonical
C/EBP-binding sequence (27) did not compete for IIA binding
(Fig. 4C, lanes 1 to 3), nor did antibodies against C/EBP
isoforms alpha, beta, or delta alter the formation or migration
of the complex (Fig. 4C, lanes 4 to 6).

Again guided by the computer analysis of Fig. 2, we next
tested the possibility that HNF4 was involved in binding to this
region, since a predicted HNF4 site is contained within sub-
fragment IIAm. Complexes formed on the IIA probe were
efficiently supershifted by anti-HNF4 antibody in a dose-de-
pendent fashion (Fig. 5SA), strongly implying that HNF4 was an
important participant in complex formation. In addition, ITA
complexes were inhibited, albeit inefficiently, by a human HBV
Enl fragment containing an HNF4 site (Fig. 5B, lanes 1 to 4).
Since the HBV En I competitor used in this experiment also
contained an RFX (EF/C) site (15), it was unclear if the com-
petition observed was due to HNF4 or to RFX. To clarify this,
we conducted the reciprocal competition experiment. Labeled
HBV En I probe containing HNF4 and RFX (EF/C) sites was
incubated with HepG2 nuclear extract in the presence of in-
creasing amounts of unlabeled competitor IIA fragment. As
shown in Fig. 5B, lanes 5 to 8, only the lower of the two
complexes observed with this probe is inhibited by fragment

ITA. This band is known from earlier work (15) to represent
the HNF4-DNA complex (note that it comigrates with the
similar complex formed on labeled IIA probe [lanes 1 to 4]).
Together, these findings establish HNF4 (or a closely related
factor) as the element involved in interaction with region ITA.
We presume that the inefficiency of competition displayed by
the HBV En I HNF4 site is due to a lower affinity of this
particular site for HNF4 than that in the WHV IIA fragment.

HNF4 is a member of the superfamily of nuclear steroid
receptors, a large group of ligand-activated transcription fac-
tors (33, 49). Although much is known about the binding spec-
ificity of HNF4 and its natural distribution, its presumed ligand
is unknown. It is worth mentioning that some HNF4 recogni-
tion sites can also be bound by several other members of the
superfamily; in HBV En I, for example, the HNF4 site can also
interact with RXR alpha and COUP-TF (chicken ovalbumin
upstream promoter transcription factor) (15, 16). In the WHV
En II element, computer analysis of the IIA region identifies a
potential COUP-TF site in this region (Fig. 2). However, the
latter is unlikely to be important in En II binding, since HeLa
cells, which contain the ubiquitous COUP-TF (65), lack a
binding activity for fragment IIA.

HNF1 binds the IIB region. To identify the factor(s) bound
to region IIB, we used IIB-specific probes in gel retardation
assays. As shown in Fig. 6A, a heterogeneous band of com-
plexes was formed on this probe, and all are efficiently inhib-
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The histogram displays the results of a CAT assay of each construct, normalized to the level of CAT produced by E1B TATA-CAT vector (arbitrarily set at 1.0), as

described in Materials and Methods.

ited by homologous (IIB) but not heterologous (IIA or IIC)
fragments. As in region IIA, the IIB recognition factor(s) ap-
peared to be liver specific: no complexes were observed in
HeLa extracts (Fig. 6A, lane 10) or Ratl extracts (data not
shown). Computer-assisted sequence inspection in this region
identified a candidate HNF1 recognition site; this was an at-
tractive candidate binding factor, because it is known to be
relatively liver specific (3, 13, 26). Consistent with this identi-
fication, a canonical HNF1 site from the beta-fibrinogen gene
efficiently inhibited the binding of the factor to labeled IIB
probe (Fig. 6B).

Two isoforms of HNF1 are known. HNF1-alpha, the proto-
type factor of the family, is highly concentrated in the liver
(although it is also found in selected extrahepatic sites such as
the kidney) and is a potent activator of transcription (31, 32,
41, 42). Expression of HNF1-alpha in nonhepatic cells allows
efficient activation of genes bearing HNF1 recognition sites
(32, 41). HNF1-beta, also called v-HNF1, shares virtually iden-
tical DNA-binding properties with HNF1 alpha but differs at
its C terminus, the locus of the major transcriptional activation

domain; as a result, it is typically a less potent activator (32).
Both polypeptides can dimerize, either with themselves or with
each other, and both are expressed in HepG2 cells (32, 42, 50).
The heterogeneity of the complexes formed on fragment 1IB
suggests that several HNF species may be involved in recogni-
tion of En II. To determine which HNF1 isoforms might be
involved in WHYV En II binding, we performed antibody su-
pershift experiments. Addition of an antibody reactive with
human HNF1-alpha strongly blocked complex formation on
fragment IIB DNA; of the few remaining complexes observed,
many were retarded in their mobility (Fig. 6C, lanes 1 to 3). An
antibody reactive with both human HNF1-alpha and -beta
isoforms also inhibited complex formation (lane 5), while pre-
immune serum (lane 2) or non-cross-reacting antibodies to rat
HNF1-alpha had no effect (lane 4). We conclude that the
majority of the complexes include at least one HNF1-alpha
subunit.

Oct-1 binds region IIC. A factor(s) interacting with the IIC
region was similarly sought by EMSA experiments with IIC-
specific probe (Fig. 7A). Once again, this probe detected a
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single major complex (the minor, more rapidly migrating band
in Fig. 7A, lanes 1, 4, 8, and 9, was not reproducibly observed,
and its origin remains unclear). The major IIC complex was
inhibited by homologous (IIC) but not heterologous (IIA or
IIB) fragments (Fig. 7A, lanes 1 to 8). Formation of this com-
plex did not seem to be liver specific, however, since similar
complexes were detected with HeLa cell nuclear extract (lane
10). Although limited potential homologies to C/EBP recog-
nition sequences were identified in this region (cf. Fig. 2),
competition experiments with known C/EBP-binding sites and
supershift experiments with anti-C/EBP antibodies all failed to
implicate C/EBP alpha, beta, or delta in this interaction (data
not shown). However, the computer also identified a sequence
in this region with strong homology to an Oct-1 recognition site
at the 5’-end region of IIC fragment (Fig. 2). Since Oct-1 is
known to be a ubiquitous factor (23, 24, 52), we pursued it
further as a candidate binding protein. Figure 7B (lane 3)
shows that purified recombinant Oct-1 (a generous gift of Greg
Peterson) can bind to the IIC fragment and that the resulting
complex comigrates with those formed in HepG2 nuclear ex-
tracts (lane 1). Furthermore, the mobility of complexes formed
in HepG?2 extracts on IIC probe can be further retarded by the
addition of a monoclonal antibody to Oct-1 (Fig. 7B, lane 2).
Finally, we synthesized a mutant IIC fragment bearing multiple
lesions in the core of the Oct-1-binding site (see Materials and
Methods) and used this for binding and competition studies.
Figure 7C shows that when this fragment was used as a probe,
no labeled retarded complexes were formed (lanes 7 and 8);
furthermore, when it was used as a competitor, the mutant
sequence failed to compete for binding to labeled wild-type
fragment IIC (lanes 1 to 6).

Enhancer activity of individual En II factor-binding sites.
Finally, we examined the separated IIC, IIA, and IIB elements
for their ability to activate a TATA box driving a CAT reporter
following transient transfection into HepG2 cells. As shown in
Fig. 8, single copies of IIA and IIC were nearly inactive
whereas a single IIB (HNF1) site caused ca. 10-fold activation.
Multimerization of the individual ITA (HNF4) or IIB (HNF1)
sites, however, produced strong activation, virtually identical to
that of the wild-type enhancer. Thus, these factors are inde-
pendently able to activate transcription, a result in accord with
the known properties of HNF1 and HNF4 (32, 34, 41). By
contrast, multimerization of the IIC region did not up-regulate
transcription; this is consistent with earlier reports in which
multimerized Oct-1 failed to activate several polymerase II
promoters, despite the presence of an N-terminal glutamine-
rich activation domain active on other promoters (6, 51, 52, 54,
55). Thus, Oct-1 displays promoter-specific activation proper-
ties; whether any of the WHV promoters could be directly
activated by Oct-1 bound at En II is a matter for future study.
However, in the present context at least, Oct-1 must interact
with other elements to mediate activation of a nearby TATA
box. One such element is clearly HNF4, since linking a single
copy of IIC to ITA produces a 20-fold enhancement of CAT
expression over that driven by IIA alone (Fig. 8). The mech-
anistic details of this activation remain to be determined. One
possibility is that the Oct-1 protein interacts with HNF4 bound
to an adjacent site on the DNA or with another nuclear protein
that augments HNF4 activity; many other models are possible,
however.

Taken together, these and our previous studies (60) indicate
that the transcriptional regulatory elements of WHV differ
substantially from those of HBV (47, 61). The En I element in
WHYV appears much less active than its HBV counterpart.
WHYV En II, like HBV En II, is a potent enhancer that is
strongly liver specific. However, the details of the deployment
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of individual transcription factors on the two enhancers differ
considerably. HBV En II appears to be substantially more
complex, with several recognition sites for C/EBP and HNF3,
as well as individual sites for interaction with HNF4 and
RFX-1 (17a, 30, 48, 71). The relative simplicity of WHV En II
(Fig. 2) will facilitate the mutational analysis of the contribu-
tions of individual binding factors to viral replication in cul-
tured cells and in whole-animal hosts. Such studies are cur-
rently in progress and should clarify the contributions of En II
to transcription from the four classical viral promoters. In
addition, given the importance of En II in the activation of
N-myc2 expression, lesions in En II may produce interesting
phenotypes affecting oncogenesis in vivo.
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